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Abstract 
Stress-minimized soldering processes are required to bond interconnectors to solar cells. Different process strategies for 
the simultaneous and quasisimultaneous energy deposition are evaluated with regard to the joining quality and the process 
time. A numerical benchmarking index is developed to assess the optimal laser parameters. A quasisimultaneous scanning 
strategy is designed to lower the total expansion of the interconnector during the process. The energy deposition with a 
fixed optic enables a simultaneous soldering of the interconnector over the complete length and lowers the process time to 
1 s per interconnector. The laser soldering process lowers the diffusion of alloy components in the solder and enhances the 
mechanical resistance of the interconnector of more than 50% compared to conventional infrared-soldered samples. 
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1. Motivation / State of the Art 
The technical requirements for solar cells have increased constantly in the past few years regarding the life 
cycle and the therefore required quality of the manufacturing process. Simultaneously the costs of production 
are reduced by using thinner wafers and a lower process cycle time. The key process in the production of 
photovoltaic-modules is the interconnection of the cells. In this process, the solar cells are interconnected by 
using soldering to attach metallic interconnectors. State of the art interconnection techniques include e.g. 
soldering by infrared radiation, resistance soldering, inductive soldering, hot air soldering and interconnection 
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by electrical conductive adhesives. The potential of a laser soldering process is the combination of a high 
velocity, selective energy deposition without the appliance of mechanical stress. The laser process is first 
simulated regarding a stress-minimized process with a quasisimultaneous energy deposition. Experimentally 
two quasisimultaneous process strategies are compared to a simultaneous process regarding the joint quality 
and the temperature distribution. 
2. Simulation of a quasisimultaneous energy deposition 
The temperature distribution in dependence of the laser beam trajectory is simulated for different 
quasisimultaneous process strategies. The 1-line strategy is a processing of a 135mm line on an interconnector 
with 25 transit repetitions and reversal points on both ends.  The laser is irradiated on the front-side of the 
solar cell (sunny-side up). A bottom heater of the solar-cell is assumed with a temperature of 120°C. The 
change of temperature and the thermal distribution on the solar cell after the 25th repetition is shown in figure 
1. The simulation of the reference strategy states that the reversal points of the scanning strategy have a lower 
maximum temperature than the path mid.  The cooling effect is dominant over the expected temperature build 
up caused by the reversal points of the laser trajectory.  
 
 
Fig. 1. (a) Temperature at 4 different locations on the solar cell during 25 laser  transits; (b) temperature distribution after the 25th laser 
transit (P=350W, v=1200mm/s) 
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The lower temperature at the reversal points is due to the 2-dimensional temperature distribution at the 
reversal points in combination with the low thickness of the solar cell, which acts as a heat sink.  
The process reliability is depending on the precision of the alignment of the laser beam on the interconnector.  
Due to the antireflection coating of the solar cell, the absorption of the laser beam on the coating is 4 times 
higher than on the interconnector. Already small misalignments lead to a non-linear temperature increase on 
the solar cell (fig 2). 
  
Fig. 2. Change of laser power absorption for a Gaussian laser beam as function of an alignment offset on the interconnector. (Pabs[x0] for 
PL=300W, focus radius=1.1mm and interconnector width= 2mm) 
Throughout the soldering process the copper interconnector expands theoretically on a length of 135mm 
around 0,5mm. After the soldering process, the interconnected copper contracts and potentially induces micro 
cracks into the silicon wafer due to the inner strain at the boundary layer [1]. A stress-minimized scanning 
process strategy is developed, simulated and tested under the condition of a minimization of the total 
expansion of the interconnector compared to the 1-line quasisimultaneous strategy. The strategy consists of 
the quasisimultaneous, sequential soldering of small segments on the interconnector. The segment length for 
the simulation is 7,5mm and positioned at the silver pads on the rear-side.  
Two segments are soldered quasisimultaneously, to avert an unsymmetrical deformation of the interconnector. 
The soldering of the segments begins in the mid of the interconnector and propagates to the exterior. The 
lateral degree of freedom of the interconnector is hereby conserved until the temperature of the next soldering 
segment attains the solidification temperature of the solder.  The change of temperature and the thermal 
distribution on the solar cell during the process are shown in fig. 3. The simulated process velocity of the laser 
beam is 1200mm/s and the jump velocity is 15000mm/s. 
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Fig. 3. (a) Temperature-Time diagram of the 6 segments on the solar cell during 25 laser beam transits; (b) temperature distribution after 
the 25th laser transit of two segments 
The simulation depicts a 25°C lower temperature (fig. 3, Tcool) of the previous segments before the 
consecutive segments reach the solidification temperature of the solder (221°C). This temperature difference 
reduces theoretically the expansion of the cell interconnector of more than 10% before the next two segments 
are fixated by the solder. 
3. Experimentel 
In the interconnection process, 150μmx2mmx355mm copper cell interconnectors covered with Sn96,5Ag3,5-
solder are bonded to silver busbars of a solar cell of size 170μmx156mmx156mm. The temperature increase 
during the soldering process leads to a different thermal expansion of the involved materials. Figure 4 depicts 
a cross-section of the joining zone after the process with the material specifications of the significant 
components. 
 
 
 
 
Fig. 4. Cross-section of the joining zone with the expansion coefficient and the layer thickness of the joining partners 
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In the cooling process, the interconnectors are joined to the silver busbar when the temperature goes below the 
solidus temperature of the solder (Sn96,5Ag3,5: 221°C). The thermal contraction of the copper is almost 7 
times higher than for the silicon. The processed solar cells have a continuous silver busbar at the front-side 
and six locally limited silver pads at the rear side. Throughout the further cooling from the solidus 
temperature to room temperature, the silicon solar cell experiences compressive stress on the front side 
whereas the rear-side experiences tensile strength due to the locally limited joint. Experimental tests showed 
that for a locally limited joint at the rear side, shell cracks during a peel test at the front side only occur in 
areas with silver pads at the rear side. 
 
Fig. 5. Stress states of the solar cell of the front-side (compressive stress) and the rear-side (tensile-stress) after cooling down to room 
temperature after the soldering process 
The unsymmetrical design of the solar cell in combination with different coefficients of expansion was stated 
as reason for a bending of the solar cell [2] which can ultimately lead to cracks in the silicon, e.g. shell cracks. 
For a solar cell with a symmetrical joint section on the sunny- and the rear-side, both interconnectors exercise 
compressive stress on the silicon wafer, which potentially leads to a different cracking structure.  
3.1. Joint evaluation 
A numerical benchmarking index μ is developed for the qualification of the soldering bond. The index 
considers the peel force of a 180°-peel test at 70°C, the quantity of different cracks in the silicon during the 
peel-test and the interconnection area (fig. 2). The different criteria are weighted by their negative influence 
on the interconnection and added to a point system. The benchmarking ideal value is 0, whereas e.g. cracks 
increase the point scale. 
 
Fig. 6. Criteria for the calculation of the numerical benchmarking index μ for the qualification of the soldering bond.  
The benchmarking index is used for the optimization of the process parameters. The comparison of the 
process strategies is based on the criteria of the benchmarking index. The average peel strength Fm is 
measured in over the complete length of the interconnector of 2mm width. The bonding area of the 
interconnector on the busbar of the solar cell is measured in percent and represented with a point value of 
maximum 4, whereas a point value 0 represents >90% bonding area. The length of cratering cracks and shell 
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cracks are measured in the total length over the 135mm soldering length and classified in a point value, 
whereas 4 is the maximum value and represents a predefined total length of cracks. 
3.2. Quasisimultaneous energy deposition  
The experimental set-up for the quasisimultaneous energy deposition consists of a galvanometer scanner in 
combination with a diode laser source with 1020nm wavelength. The fluxed solar cell and the interconnector 
are automatically positioned and moved by a transport belt to the soldering position. The transport belt is 
preheated to a temperature of 155°C. The parameter of the different energy deposition strategies are optimized 
regarding the joint quality. The strategies are compared with their optimized process parameters regarding the 
criteria of the benchmarking index. The quasisimultaneous energy deposition strategies are realized with 
trajectory repetitions which heat up the interconnector in an iterative process. 25 repetitions are used for all 
strategies, with a varying line length adapted to each strategy. Due to conduction the heat dissipates in 
between 2 repetitions, which leads to a lower temporal temperature gradient. The heat dissipation depends on 
the time between two laser trajectories and is highest for the line length of 135mm (fig. 7). The process is 
monitored with a thermography camera and the temperature profile is measured on the antireflection coating 
of the solar cell 3mm next to the interconnector (fig. 7-10). A measurement of an ROI on the interconnector 
does not provide reliable data due to the phase change of the solder material. Preliminary tests with 
thermocouples stated a ca. 50°C lower temperature at this position compared to the joining zone. 
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Fig. 7. Quasisimultaneous energy deposition in 1-Line with length 135mm, (a) temperature-time profile during the solder process for  
different measurement areas; (b) temperature distribution on the solar cell (P=460W, v=3200mm/s, Tu=155°C) 
For the quasisimultaneous scanning strategy with a lower total expansion of the interconnector, two different 
segment sizes and numbers are tested. In previous tests the scanning direction is assessed, which showed a 
higher peel force for a scanning strategy with sequence beginning on the inside and leading to the outside of 
the interconnector. The influence of the segment number and length is tested by varying the segment length 
from 11.25mm (fig. 8) to 22.5mm (fig. 9). 
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Fig. 8. Quasisimultaneous energy deposition in 6-Segments with length 22,5mm (a) temperature-time profile during the solder process for  
different measurement areas; (b) temperature distribution on the solar cell  (P=460W,v=3200W, Tu=155°C) 
 
 
Fig. 9. Quasisimultaneous energy deposition in 11 segments with lengths  10x11.25mm and 1x22.5mmm, (a) temperature-time profile 
during the solder process for  different measurement areas; (b) temperature distribution on the solar cell (P=420W,v=3200W, Tu=155°C)  
To prevent an overheating in the center of the interconnector in between the 2 adjacent segments for small 
segments (12 segments, each 11,25 mm line length), the two middle segments were merged to one single 
segment, resulting in a total of 11 segments (1x22.5mm and 10x11.25mm). The smaller segment size results 
in a shorter cooling cycle in between two trajectories and therefore to a higher temperature with the same laser 
parameters as with 6 segments. The laser power was slightly lowered according to the maximum temperature 
of the 6-segments strategy. The measured temperature double spike of area two is due to the location in 
between two segments. The comparison of the temperature-time profile indicates that there is an optimum 
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segment size regarding the limitation of the local thermal expansion of the interconnector and the temperature 
gradient. 
3.3 Simultaneous energy deposition  
The simultaneous energy deposition on the length of the interconnector is realized with a line optic, which 
shapes a circular laser beam into a 2x160mm² line in the focal plane. The optic is used with a diode laser 
beam source with a maximum laser power of 3000W and a wavelength of 1020 nm. The line optic is focused 
on the interconnector (fig. 9). The temperature profile is measured with a pyrometer on the antireflection 
coating of the solar cell 2-3mm next to the interconnector (fig 10).  
 
Fig. 10. Simultaneous energy deposition in 1 Line with a geometry of ca. 160x2mm², (a) temperature-time profile during the solder 
process for  a specific measurement point; (b) temperature distribution on the solar cell ( P=900W, t=1s, Tu=155°C) 
The laser power is set to a rectangular profile. The beam intensity profile of the used line optic exhibits a 
small line enlargement at the endings of the interconnector, which leads to a local temperature peak.  
4. Results and Discussion 
The laser soldered samples with simultaneous and quasisimultaneous energy deposition are compared to 
samples soldered with infrared radiation. The laser parameters are optimized regarding the joint quality, an 
optimization of the process speed is at first neglected. The evaluation categories are 180°-Peel-Force, bonding 
area, cratering crack and shell crack occurrence (fig. 11). The average peel force with the simultaneous and 
the quasisimultaneous energy deposition is both at 5,5N. The infrared soldered joint has an average peel 
strength of 2.87N. 
 
For each process a bonding area of >90% could be realized. The simultaneous energy deposition leads to a 
higher shell crack, whereas the quasisimultaneous 1-line strategy leads to a higher cratering occurrence. In 
contrast to the laser process, the infrared soldered samples show no significant occurrence of cratering or shell 
cracks. The laser process with a 1-line quasisimultaneous strategy reaches a process time of 
2.8s/interconnector (P=350W, v=1200mm/s) and the simultaneous energy deposition with a line optic a 
process time of 1s/interconnector (P=900W, t=1s). 
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Fig. 11. Comparison of the soldering bonds processed with a quasisimultaneous strategy (Scanner, 1-Line with 25 repetitions, 
P=350W,v=1200mm/s, n=4) a simultaneous energy deposition (Line optic,P=900W, t=1s,  n=8) and infrared-radiation soldering (n=10) 
The main difference between the laser soldered and the infrared radiation soldered processes is the time above 
liquidus-temperature of the solder. The laser process allows a time above liquidus-temperature of up to 1.5-2s, 
whereas in the infrared soldered process the time above liquidus-temperature is at least 5 times higher. A 
higher time at high temperatures increases the diffusion of the silver components of the solder (“silver 
leaching”) which reduces the mechanical resistance at the intersection between the silver busbar and the 
silicon wafer [3][4]. For the evaluated infrared radiation soldered samples, the fractural plane is continuously 
at the silicon wafer/busbar intersection, without the occurrence of cracks in the silicon, with a measured peel 
force of 2.87N. For the laser soldered samples, the fractural plane is in the busbar volume, with partial cracks 
during the peel test into the silicon wafer, demonstrating a high mechanical resistance of the soldered joint 
with the silicon wafer as the weakest link, measured with a maximum average peel-force of more than 6N. 
The high cohesion of the laser soldered bond suggests a good electrical conduction, which was not yet tested. 
 
The tested laser processes vary in the occurrence of the crack type. The simultaneous energy deposition 
exhibits due to the beam shaping a temperature maximum at both ends of the interconnector, rising locally the 
maximum temperature. This confirms the increase of the shell crack suggested by a higher expansion of the 
interconnector. The quasisimultaneous energy deposition with a galvanometer scanner leads to a lower 
temperature at the reversal points, suggesting that the crack type depends on the maximum process 
temperature. 
 
For a first assessement of the expansion-minimized scanning strategy preliminary tests are processed with 
different segment numbers and sizes (fig. 12). As laser parameters P=460W and v=3200mm/s are chosen. The 
higher velocity lowers the process time significantly. 
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Fig. 12. Comparison of quasisimultaneous energy deposition strategies by different criteria (P=460W,v=3200mm/s, n=4) 
All average peel strengths with quasisimultaneous strategies are in the range 4,22-5,32N, with a 11-segment 
strategy having the highest mechanical resistance. A bonding area of >90% could be reached with all 
strategies, with a slight decrease for the strategy with 6-segments. An increase in the shell and cratering crack 
occurrence can be remarked for the 11-segment strategy. The quasisimultaneous strategy with 1-line reaches a 
process time of 1.1s whereas the segmented strategies reach 1.3-1.5s/interconnector, due to the increase of the 
jump length with more segments. These first results are an indicator for the potential of a segmented scanning 
strategy, for a verification of the results the repetitions of the tests have to be increased. A high comparability 
of the strategies is dependent on the process temperature, which again depends on the segment length.  
Further investigations are conducted regarding the process temperature in combination with different segment 
lengths. 
Conclusions  
The laser process allows a process time of 1s for a simultaneous and 1.1-1.5s for a quasissimultaneous energy 
deposition per interconnector. The laser soldered samples show a very good mechanical resistance (5.7N) 
compared to the infrared soldered samples (2.87N). For the quasisimultaneous laser process, a new scanning 
strategy is developed with the goal to minimize the total expansion of the interconnector in the process by 
soldering smaller segments. Two strategies with different segment sizes have been tested in combination with 
a process time reduction of around 50%. Both reached average peeling strengths of 4.8-5.3N. The energy 
deposition with laser shows for all strategies a potential to increase the process speed regarding 
1s/interconnector. The thermography measurements suggest that a strategy with a lower segment size in 
combination with a constant laser velocity increases the temperature gradient due to a shorter cooling cycle in 
between two trajectories. The occurrence of a crack increase in combination with a higher peak temperature 
suggests that an exploitation of the potential of the segmented strategy in combination with a laser power 
decrease is possible. 
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